This investigation uses a simulation to examine the performance of achromatic polarization preserving beam displacer, recently proposed by E. J. Galvez [Opt. Lett. 
Introduction:
Galvez recently proposed a novel scheme based on four orthogonal reflections that displace an optical beam while preserving the state of polarization [1] . The scheme is simple, inexpensive, and attractive since many applications require that an optical beam, particularly a laser beam, can be displaced while the polarization is preserved. A beam can be displaced using two mirrors, but such reflection may alter the state of polarization of the light, because the phases acquired by s-and p-polarized waves are generally unequal. Therefore, the additional phases introduced by the reflection will induce an undesirable polarization state of light beam. Furthermore, pesudorotation occurs when the reflection coefficients of s-and p-polarized waves differ. When linear polarization is required, a two-mirror beam displacer suffices only if the state of polarization is perpendicular or parallel to the plane that contains the beam and mirrors; in such cases, reflection must be s or p polarized, respectively.
The situation becomes much more complicated if the input state is nonlinear, or the input plane of polarization is neither parallel nor perpendicular to the plane of the displacer. One solution is to use reflectors coated with thin films such that reflection coefficients of the s-and p-polarized waves are identical. Cojocaru [2] and Wang et al. [3] considered schemes that preserve the state of polarization at each reflection.
Azzam and Emdadur Rahman Khan [4] and Azzam [5] , in contrast, forced the state of polarization of the combined reflections to be preserved. Azzam [6] also suggested that one of the reflectors be coated so that the s-and p-reflection coefficients are reversed.
In contrast, the achromatic (wavelength-independent) characteristics and polarization-preserving features of the Galvez scheme depends on the compensating the s and p reflection phases and amplitudes in a series of orthogonal reflections, according to the principle of compensating phase shift (CPS) [7] . A configuration of four reflections is assumed such that the normalized input vector is (0,0,1) and the vector becomes (1,0,0), (0,-1,0), (1,0,0), and (0,0,1) in order following each reflection.
The main point is that an optical beam initially polarized in the x direction (y direction) will be p polarized (s polarized) at the first and fourth reflections and s polarized (p polarized) at the second and third reflections. Both orthogonal components of the polarization of a beam (those in the x and y directions) then acquire the same accumulated phase shift due to reflection, yielding a zero phase-shift difference following all four reflections. The accumulated attenuation of both components will be equal. The system is inherently independent of wavelength as the cancellation is independent of the actual value of the s and p reflection phases and amplitudes.
Galvez applied the individual lines of Argon-ion and He-Ne (632.8 nm) lasers to characterize the polarization and the results showed that the linear polarization of the displacer was well preserved.
Nevertheless, tilting and misalignment will degrade the performance. Hence, this study performs a tilting tolerance analysis of Galvez's scheme and examines the wavelength dependence beyond the visible regime, using simulation. Dependence of power loss is elucidated. Two prisms are shown to suffice practically to implement Galvez's scheme. The misalignment of the incident beam with respect to the first reflection plane can degrade the performance of the Galvez scheme as experimentally demonstrated in Ref. [1] in which a He-Ne laser was employed as the light source, tilted about the x-axis from -20 to 60 arc min. This effect is reexamined here by simulation. As depicted in Fig. 2 , the experimental results correspond closely in terms of ellipticity and the corresponding tilting angle about the x-axis as in Fig. 1(b) . Although the simulation seems to run under perfect conditions, the real performance obtained in Ref.
[1] appears to be better. It should be noted that in contrast, our simulation of mirror configuration presents smaller ellipticity than that of the experimental result, but for simplicity and performance consideration (four-prism configuration is better), we omit the discussions of mirror configuration here.
In real situation, perfectly linear polarization is impossible but this can be achieved in a simulation. The influence of this imperfection was examined by varying the ratio of the length of the minor axis to that of major axis of the polarization ellipse of the incident beam. Figure 3 displays the results. For imperfect linear polarization of input beam, the output performance will be degraded by the same order of magnitude as much as the input polarization state.
Verifying the Galvez scheme beyond visible regime yields useful results, shown in Fig. 4 (a) . The ellipticity remained small even in the far IR regime. Extension of simulation to a wider region of wavelength indicates that the performance of the Galvez scheme is reliable. However, the output intensity will drop quickly due to the intrinsic absorption of BK7, causing a failure in practical application as shown in Fig. 4 (b) , where the output intensity has been normalized to the input intensity.
Tilting Tolerance Analysis of the Galvez Scheme:
Manufacturing a perfect prism or mirror set is impossible in reality. T olerance must be addressed. Although a commercial standard, ISO 10110, is available, the most critical factor -the tilting of the reflection surface -is considered here. Note that in ISO 10110, the angle deviation of prisms and plates is required to be below ± 30' (arc min). For brevity, this discussion considers only the tilting of components. according to the order of light propagation. Ellipticity e (or its square e 2 ) and the change of ellipticity angle against the angular tilt with respect to the axis of the component (in terms of global coordinate system) were measured. For simplicity, the tilting with respect to the x-axis is labeled TLA, y-axis TLB, and z-axis TLC. The beam is assumed to be incident along the z-axis. The tilting can be about the x-, y-, z-axes of the global system, coinciding with the local coordinate system for component 1. The tilting was varied about each axis individually to illustrate the influence separately. Figure 6 shows that for component 1, the error caused by tilting with respect to the y-axis (TLB) is greatest such that a +60 arc min tilting error increases the value of e 2 to 0.007; TLB also causes a biggest change in the rotation of polarization ellipse. Interestingly, tilting with respect to the x-axis (TLA) does not significantly increase e 2 , but rather causes a larger rotation of the polarization ellipse, while tilting about the y-axis causes a rotation in the opposite direction.
Let us now evaluate the influence of component 2 , assuming the other components are perfect and the beam is incident in the z direction. Figure 7 indicates that the acquired ellipticity is more sensitive to the tilting angle, particularly that of the z-axis, (or locally, the x'-axis). The polarization ellipse can be rotated up to 4 degrees with a tilt angle of 60 arc min. Notably, the titling angles about x-and y-axes (locally the z'-and y'-axes) influence ellipticity and angular change of the polarization ellipse to almost the same extent.
However, for component 3, the variation of polarization due to the tilting error over an interval of 60 arc min, allows the ellipticity (e 2 ) to be maintained in the order of 0.001 as shown in Fig. 8 (a) . This value is smaller than those of components 1 and 2. However, the variation in the rotation of the polarization ellipse is similar to the case of component 2. Notably, tilting the z-axis (locally, the y'-axis) yields the greatest angular rotation, which is approximately around 4 degrees. However, the influences of tilting the x-and y-axes (TLA and TLC) are essentially the same in magnitude, while the directions of rotation are opposite (a mirror symmetry with respect to the zero) as shown in Fig. 8 (b) .
Finally, let us consider the final component. Only the tilting with respect to the y-axis (TLB) significantly alters the polarization ratio, as shown in Fig.9 (a).
However, there is no rotation of polarization ellipse. In contrast, tilting with respect to the x-and z-axes increased the rotation of the polarization ellipse by a few degrees, as shown in Fig. 9 . Overall, component 4 is the least important component in this type of displacer system.
The simulation reveals that the most critical component is the second prism because the symmetry is completely destroyed as component 2 is tilted away from the direction of the optical path. However, the final e 2 and elliptical angle of the polarization ellipse is less sensitive to tilting component 4, which action affects only that component. Nevertheless, the polarization ratio of a linear polarized beam is almost fixed since e 2 can be maintained below 1.5× 10 -2 which value is quite low.
Meanwhile, the angle of the polarization ellipse is changed by the phase difference when tilting [8] , but the variation in the angle can be maintained to within approximately around 4 degrees, even with a tilting of 60 arc min. The results of the ellipticity and the change of the angle of the polarization ellipse are asymmetrical with respect to the tilting angle, primarily because a four-prism configuration is employed here. Different configurations produce different results as described below.
Performance Evaluation of Different Materials:
This section considers the performance of Galvez's four-prism beam displacer, made of various materials. First, glass material other than BK7, such as CaF 2 , is used for comparison. The performance over a wide range of wavelength is improved as the power loss is much reduced. Hence, Galvez's scheme can be extended into the UV regimes as well as the far IR regions, if four orthogonal reflections can be maintained in the implementation.
The use of different materials, particularly plastics, such as PMMAH, LEXANH, LUSTREXH and LUSTRANH [9] could be of commercial interest. These plastic materials can be used over a wide range of wavelengths from 365 nm to 1014 nm.
This simulation shows that the polarization performance of these materials can also be maintained as shown in Fig 11(a) . The power loss can also be held to under 20% over all the wavelength regions, as shown in Fig. 11(b) .
Simulation Analysis of a Two-Prism Implementation:
Although Galvez uses a four-mirror system or four-prism system to demonstrate the preservation of polarization, a simplified system based on a two-prism configuration can be used. Figure 12 illustrates such a layout. Figure 12 First consider the incident beam misalignment, caused by the light source's not being normally incident on the system. Figure 13 presents the system's performance. The squared dots indicate the result for misalignment of the x-axis (TLA) and the circular dots correspond to misalignment with respect to the y-axis (TLB). The simulation's results show that e 2 are less than 3x10 -5 , better than that of the value obtained for the Galvez's four-prism beam displacer. The e 2 values are symmetrical about a zero angular tilt because the sum of reflection angles at each direction equals to 90 degrees after each ray has reflected over the four surfaces at which total internal reflection occurs. As to be shown below, this conversation of 90 degrees in tilting of prism improves the tolerance in comparison with four-prism configuration.
Tilting errors in manufacturing the two prisms will degrade the performance. Figure 14 schematically presents the error caused by tilting with respect to the y-axis for component 1. The influence of tilting component 1 is first discussed. As shown in Fig. 15 , the ellipticity (e 2 ) is symmetrical, and thus differs from that of the four-prism configuration. Tilting with respect to the x-axis (TLA) corresponds to highest ellipticity and the largest angular variation. However, this result does not hold for the tilting errors of component 2. As shown in Fig. 16 , tilting with respect to the x-axis (TLA) corresponds to highest ellipticity while leaving the angle of the polarization ellipse almost unchanged. These differences are interesting and the physical origin of the variation of the angle of polarization ellipse is caused mainly by the phase difference in tilting. Overall, the tolerance of tilting is better in the case of two-prism configuration.
Conclusions:
Galvez's scheme for displacement that preserves polarization has been numerically investigated. The polarization-preserving beam displacer has been shown to exhibit very good performance even far beyond the visible wavelength regime. However, the intrinsic absorption of the material can cause the output intensity to drop and the displacer to fail. Using a different material, such as CaF 2, can always improve the performance. Practically, the tolerance of components is critical. T ilting is most important factor. The second prism is numerically demonstrated to be the most critical component causing serious symmetry-breaking in the four-prism configuration. The polarization ratio of a linear polarized beam is almost fixed since e 2 can be maintained below 1.5× 10 -2 , which is quite small, even at a tilting of 60 arc min. However, the angle of the polarization ellipse may be changed by the phase difference, but the variation in the angle can be maintained within approximately around 4 degrees. Evaluating the performance of different materials (plastics) is of commercial importance and the Galvez scheme performs reliably. Finally, a simplified two-prism version of the Galvez scheme is offered and differences in properties determined by configuration are described. The simulation demonstrates that two-prism configuration can yield superior performance. The optical system and corresponding tilt angle are as in Fig.1 (b) . 1.0x10 -6
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